Abstract -In this work a broad-band class E power amplifier (PA) is designed, manufactured and measured. 400 MHz bandwidth with a center frequency of 800 MHz was realized using a GaN HEMT device. A novel and easy circuit topology is proposed for broad-band bandpass filter with integrated output matching network. Different filter types are discussed, suitable topology is chosen and design equations are shown. A maximum drain efficiency of 87.8 % (PAE = 80.6 %) is observed. Maximum output power of 49 W is measured with 16.3 dB power gain at the 1 dB compression point.
I. INTRODUCTION
The rapid growth of wireless communication puts new challenges for RF designers. Wide bandwidth, high linearity and high efficiency are the major requirements of all recent wireless communication standards. In general, a trade-off between the linearity and the efficiency is obtained in the PAs. Increasing the efficiency reduces the thermal problems in the power devices, their sizes and the auxiliary cost.
Switch mode PAs (SMPAs) (i.e.; Class F, Class E, and Class D) are a type of amplifiers that have high efficiency (i.e.; theoretical drain efficiency for these classes is 100 %). The transistor in SMPAs is working as a switch instead of a current source as in the classical classes. A large drive signal has to be injected into the transistor to drive it as a switch. The output side of the SMPAs includes, in addition to the matching network, a network of resonator which shapes the drain voltage and the drain current of the transistor. With the previous setups, a zero voltage switching (ZVS) condition is achieved which ensures the drain voltage being zero just before the on period. However, for practical applications the efficiency degrades due to the parasitics of the devices, making the device choice crucial for achieving highest efficiency.
The recently developed GaN HEMT devices have high power density, high breakdown voltage, wide operating bandwidth, low thermal resistance and low output parasitic capacitance, making them a good candidate for SMPAs for high frequency, high power and wideband applications.
For the last few years, SMPAs have been implemented with different technologies and different output power capabilities. Nevertheless, some published works are implemented and showed different performances; e.g.; a CMCD power amplifier for the base-station applications was shown to achieve 78 % drain efficiency with high output power (51.1 W) [1] . An amplifier from a closely related class-E/F with 85 % drain efficiency at 7 MHz has also been reported [2] .
In this work, a broad-band Class E PA is designed using microstrip resonator and lumped components for 50 % bandwidth at UHF frequencies. For the authors' knowledge, this is the highest published fractional bandwidth (BW/f 0 ) for SMPAs. The recent published broad-band SMPAs with only one output matching network and filter for the designed band is summarized in Table I .
TABLE I SUMMARY OF PUBLISHED BROAD-BAND SMPAS PERFORMANCES

II. THEORY OF CLASS E POWER AMPLIFIER
The reason of choosing class E power amplifier for broadband application is its simple topology. It requires only one resonator at the output and only one transistor. On the other hand, class F/F -1 requires at least two resonators to control up to the third harmonic and class D -1 requires two transistors and baluns at the input and at the output which increases the losses more.
Class E power amplifier was first introduced in [6] .The typical circuit topology of class E power amplifier is shown in Fig. 1 . The load network consists of series resonant circuit at the fundamental frequency and the fundamental load is slightly inductively tuned. This inductive load reduces the slope of the voltage waveform before the switch turns on (soft switching). The ideal voltage and current waveforms for class E (assuming square drive signal) are shown in Fig 2 . Class E has two main advantages:
1. Soft switching which reduces the losses. However, class E PA has some disadvantages; the drain voltage has high peak value due to charging the large output capacitance (i.e.; C ds ), and the difficulty to tune the output capacitance of the transistor (compared with class D -1 PA). Additionally, to achieve ZVS condition, all the current must go through the parallel circuit RLC (C ds , L out and R out ) when the switch turns off. The current limit is set by I out = j C ds V ds . Hence, the class E PA has a limited tolerance for large transistor output capacitance C ds that degrades the maximum operating frequency performance.
III. BROADBAND DESIGN
Load/source-pull simulation was carried out using Agilent's Advanced Design System (ADS). The optimum load impedances for the operating bandwidth are shown in Fig 3. As it can be seen the optimum impedance has a constant phase (52 o ) and its magnitude reduces with the frequency with a constant slop, which follows (1).
(1)
Where, R Lopt is the optimum impedance and it is inversely proportional to the frequency and the output capacitance C ds (i.e.; The ideal output performance is shown in Fig. 4 , where the efficiency exceeds 76 % and the output power 46 dBm (40 W). The design of broadband class E PA requires at the output a wideband band-pass filter instead of a series resonator. This filter must pass the fundamental frequency and reject, as an open circuit, all higher order harmonics. 
A. Band-Pass Filter and Output Matching Design
Filter type is an important issue in this design. As stated previously, broad-band class E PA requires a constant phase and magnitude of constant slope. Hence, a Butterworth filter was chosen. It is well known that Butterworth filter has a flat gain and constant phase. However, Class E PA requires high rejection at the harmonics. For the targeted band, the first second harmonic (i.e.; 1200 MHz = 2•600 MHz) is very close to the band edge frequency (i.e.; 1000 MHz). A roll-off of 60 dB/decade (i.e.; 3-poles) is implemented. Moreover, to minimize the insertion loss of the filter, the 3 dB bandwidth is designed for the band between 470 MHz and 1.160 GHz. The circuit topology for the bandpass filter could be T or network, where T network behaves as an open impedance for the stopband (i.e.; harmonics) and networks behaves like a short for the stopband. Therefore, T network was chosen to fulfill the design requirements of class E PA. The filter can be designed following (2)- (5) [7] . (2) (3) (4) (5) Where FBW and 0 are the fractional bandwidth and the geometric center frequency and are equals to The standard filter topology discussed in literatures is designed using a 50 termination at both sides. For the presented work, usually the transistor output impedance is not a 50 . On the other hand, the filter circuit element values depend only on the geometric center frequency; see (2)-(5). Hence; a matching network to 50 impedance over the entire band plus capacitive impedance that is equal to -jX CS1 in Fig. 5 (b) . was designed. The output circuit network, which combines the filter and the matching network, is shown in Fig. 6 . Table II presents element values of the final version of the matching network and the filter. Finally, an equivalent matching network consisting of a real lumped elements, transmission lines and a short stub is implemented on Rogers substrate with ε r =3.38 and a thickness of 0.51 mm, Fig. 7 . 
IV. EXPERIMENTAL RESULT
The PA was manufactured using a GaN HEMT provided by Eudyna. The small signal gain was measured at input level of -30 dBm. Fig. 8 shows that the maximum gain is 19 dB. The suppression for the second harmonic of 600 MHz is about 4.6 dB. The large signal performance was measured from 600 MHz to 1000 MHz with step of 100 MHz. Table III and Fig. 9 present the maximum output power, maximum efficiency and the corresponding gain. The maximum drain efficiency is 87.8 % and the maximum output power is 46.9 dBm (49 W). The large signal performance over power sweep at the center frequency (i.e.; 800 MHz) is shown in Fig. 10 . 
VII. CONCLUSION
A novel and easy method of designing broad-band class E PA is presented. All the considerations for this design is discussed and presented. Optimum load impedances were extracted using the load/source-pull simulation and it was observed that it has a constant phase over the entire band and constant negative slope for the magnitude. Maximum drain efficiency of 87.8 % and maximum output power of 46.9 dBm was measured. (49 W) maximum output power is achieved with a flatness 1.7 dB over the entire band (600 MHz -1000 MHz). Maximum small signal gain of 19.8 dB was measured. 
